1. Net glycogen accumulation was measured in sequentially removed samples during perfusion of the liver of starved streptozotocin-diabetic rats, and shown to be significantly impaired, compared with rates in normal (starved) rats. 2. In perfusions of normal livers with glucose plus C3 substrates, there was an increase in the proportion of glycogen synthetase 'a', compared with that in the absence of substrates. This response to substrates, followed in sequential samples, was less marked in diabetic rats. 3. The impairments in net glycogen synthesis and enzymic sensitivity in the perfused liver of diabetic rats were reversed by pretreatment in vivo with glucose plus fructose, or insulin. Glucose alone did not produce this effect. 4. Glucose, fructose, insulin or cortisol added to the perfusion medium (in the absence of pretreatment in vivo) did not stimulate glycogen synthesis in diabetic rats. 5. In intact diabetic rats, there was a decline in rates ofnet hepatic glycogen accumulation, and the response of glycogen synthetase to substrates. The most rapid rates of synthesis were obtained after fructose administration. 6. These results demonstrate that there is a marked inherent impairment in hepatic glycogen synthesis in starved diabetic rats, which can be rapidly reversed in vivo but not in perfusion. Thus hepatic glycogen synthesis does not appear to be sensitive to either the short-term direct action of insulin (added alone to perfusions) or to long-term insulin deprivation in vivo. The regulatory roles of substrates, insulin and glycogen synthetase in hepatic glycogen accumulation are discussed.
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In animals with diabetes caused by insulin deficiency, impairment of glucose tolerance is partially attributable to alterations in hepatic metabolism, including excessive production of glucose by gluconeogenesis (Renold et al., 1953; Haft, 1968; Exton et al., 1972 Exton et al., , 1973a  for reviews see Renold et al., 1956; Steiner, 1966; Exton et al., 1970; Exton, 1971) . The high blood glucose concentration in diabetes is commonly associated with a diminished hepatic glycogen content, (compared with that in matched fed normal animals) implying that there is a defect in the accumulation or retention of glycogen in the liver. Thus, in diabetes, hexose phosphate products of gluconeogenesis tend to form free glucose (in blood) rather than glycogen Exton et al., 1972) . After insulin injection, the glycogen content of the liver is replenished (Steiner, 1964) . Many experiments with 14C-labelled precursors have demonstrated impaired glycogen synthesis in diabetes (for references see Renold et al., 1956; Steiner, 1966; Friedmann et al., 1970; Hornbrook, 1970) .
The significance of some of the above studies of glycogen metabolism is not always clear. For example, experiments with fed diabetic animals may not distinguish between a defect in the capacity for storage of hepatic glycogen [which may be limited in diabetes (Hornbrook, 1970; Friedmann et al., 1967) ], and a Vol. 150 defect in the rate of glycogen synthesis. Also, it is not established which aspects of the altered hepatic glycogen metabolism in diabetes reflect inherent changes within the organ, rather than changes in circulating constituents which can control hepatic metabolism. Finally, there is uncertainty about whether the changes in hepatic glycogen metabolism result from a decline in direct (short-term or longterm) insulin actions on the liver.
Insight into the impairment of hepatic glycogen metabolism in diabetes may be gained from experiments in which net hepatic glycogen accumulation is followed in the isolated liver, in conditions where glycogen synthesis in normal rats is known to occur at rates similar to those in the intact animal (Hems et al., 1972) . Such experiments, with the perfused liver of the rat, are reported in the present paper. In particular a marked impairment in the net synthesis of glycogen in the perfused liver of diabetic rats is described and shown to be rapidly reversible by carbohydrate (including fructose) or insulin, ifadministered in vivo, but not if added to the perfusion medium. The relationship between hepatic glycogen synthesis and the activities of glycogen synthetase and phosphorylase has also been investigated; again, the role of insulin in regulating these enzymes is not clear (see reviews by Ryman & (Whitton & Hems, 1974 Hems & Whitton, 1973; Hems et al., 1972 (Mansford, 1967) .
Perfusion of the liver
Liver perfusion was carried out with 50ml of bicarbonate-buffered saline containing albumin and erythrocytes, essentially as described by Hems et al. (1972) except that the gas phase was air+C02 (95:5) after a period of Smin with 02+C02 (95: 5) . Glucose was added to the medium so that the initial concentration was about 28mM, except in cases where glycogen accumulation was not being studied. If present, lactate, glycerol and pyruvate were added to the perfusion medium (5.0, 3.33 and 1.67mM respectively) and then infused at 3rml/h from 15min after the start of perfusion in a mixture containing 0.50M-sodium lactate, 0.33M-glycerol and 0.17M-sodium pyruvate. In other perfusions, fructose was present (initially 5mM, and then infused at 0.5M, 3 ml/h). In some perfusions a supplemented medium was used [essentially as described by John & Miller (1969) ], in which were present initially, in addition to carbohydrate substrates: insulin (500munits), cortisol 21-sodium succinate (1mg) and a mixture of all the normal plasma amino acids, except cystine, proline and hydroxyproline [glutamine 2.5mr initially, and other values, each initially at about four times the normal concentrations in fed rats, taken from Scharff & Wool (1966) ]. These constituents were maintained by infusion (1.5 or 3ml/h respectively) of separate solutions (in water) containing insulin (330munits/ ml) plus cortisol (330pg/ml), or amino acids (at approximately 100 times the normal plasma concentrations: see above) except for tyrosine which was not sufficiently soluble, and was therefore added as a solid to each perfusion (8mg).
Liver samples (in sequence during perfusion) and HCl04 extracts of perfusion medium, were obtained as described (Hems et al., 1972) .
In some experiments, ratswere pretreated for 50min in vivo, followed by perfusion. Glucose (1.25M) plus fructose (0.25M) was given subcutaneously (2ml). When either hexose was given singly, 2ml of 1.5m-glucose or 2mi of 0.25M-fructose was admninistered.
Guinea-pig control serum (0.2ml) or anti-insulin serum (0.2ml) were given intravenously without anaesthesia. Insulin (1 unit) was injected subcutaneously in 1 ml of water.
Measurement ofglycogen accumulation in intact rats
Glycogen synthesis in intact rats was followed by analysis of sequential liver samples during infusion of substrates into a tail vein (Hems et al., 1972 Pieces of frozen liver were ground in liquid N2, followed by isolation of glycogen (Good et al., 1933) , or extraction in 4vol. of HCIO4 (6%, w/v) before analysis of intermediate contents (Hems & Brosnan, 1970) , or homogenization in buffers as requ'ired for enzyme assays.
Analytical methods Glycogen synthetase, in the presence and the absence ofglucose 6-phosphate (i.e. total and synthetase 'a' activities respectively) and phosphorylase were assayed essentially as described by Das & Hems (1974) . In the usual synthetase assay (method 1), centrifuged homogenates were incubated with 6.7mM-UDP-glucose. In one other group of experiments (miethod 2) homogenates were not centrifuged, and details of the assay were altered as follows: final UDP-glucose concentration, l 2mm (see Blatt & Kim, 1971b) ; incubation time 10min; for assay of 'a' form, lOmM-Na2SO4 was present (De Wulf et al., 1968) . Phosphorylase was extracted in 35mM-aglycerophosphate buffer, pH6.1, containing lmM-EDTA and 20mM-NaF, and assayed in the presence of AMP (lmM) to systematize the contribution of phosphorylase 'b' to the activity recorded. UDPglucose and glucose 6-phosphate were determined as described by Mills & Smith (1963) and Hohorst (1963) respectively. The analyses were carried out in sequence in the cuvette. The second reaction, for UDP-glucose measuremnent, was initiated with 20,1 of UDP-glucose pyrophosphorylase [EC 2.7.7.9; C. F. Boehringer Corp. (London) Ltd.] after the addition of phosphoglucomutase and potassium pyrophosphate, which did not itself produce any changes in E340; recovery of UDP-glucose was 85 %. Glycogen and glucose were determined as described elsewhere (Hems et al., 1972) .
Results
Glycogen accumulation in the perfused liver ofstarved diabetic rats In livers ofstarved diabetic rats, there was a marked decrease in rates of net glycogen accumulation, compared with rates in starved normal rats ( Fig. 1 ; cf. Tables 1 and 2 ), in which a linear time-course of net glycogen accumulation in the perfused liver was maintained for at least 80min ( Time of perfusion (min) Fig. 1 . Tine-course ofnet glycogen accumulation in normal and diabetic rats Livers were perfused with bicarbonate-buffered saline containing erythrocytes, and additions as indicated. Two samples [median followed by left lateral lobe (see Hems et al., 1972) in vivo, 50min before perfusion (Table 1) . Glucose alone was not effective in correcting impaired synthesis (in a dose equal to that of glucose and fructose together, i.e. 3 mmol), and neither was fructose (0.5 mmol) in the absence ofglucose (Table 1) . Insulin treatment for similar periods (50 or 75min) largely restored the rate of glycogen synthesis (Table 1 ). The possibility that insulin was implicated in the response to hexose pretreatment in vivo was investigated by administering anti-insulin serum in conjunction with glucose plus fructose; this decreased the rate of eventual glycogen synthesis, compared with that in perfusion after treatment in vivo with glucose, fructose and control serum (Table 1) . Insulin in the medium, during perfusion of diabetic rat livers (in the absence of pretreatment in vivo) did not increase the rate of glycogen synthesis from glucose plus fructose or other substrates (results not shown in detail; see also next section).
In all conditions, there was net output of glucose during perfusion of livers of diabetic rats (Table 1) , as in livers of normal starved rats perfused in these conditions [even during maximum glycogen deposition (Hems et al., 1972) ]. If glucose was not added in perfusions of diabetic rat livers, no glycogen accumulated, and the rate of net gluconeogenesis (from the C3-substrate mixture) was 1.11 ±0.20(3)gmol of glucose/min per g of fresh liver (mean±s.E.M.). Thus the capacity for glucose synthesis was sufficient to Table 1 . Glycogen accumulation during perfusion of livers from streptozotocin-diabetic rats Livers from 48h-starved diabetic rats were perfused for 50min with bicarbonate-albumin-saline containing washed erythrocytes, as described by Hems et al. (1972) . Substrates were added after 15min. Glucose was initially 28mM, and the C3 substrates, lactate, glycerol and pyruvate, were initially 5, 3.3 and 1.3 mi (respectively), and then infused (see Hems & Whitton, 1973) . Fructose was initially 5mM, and then infused (0.SM, 3ml/h). Pretreatments were administered subcutaneously 50min before perfusion: glucose plus fructose in 2ml (1.25 and 0.25M respectively), fructose (2ml, 0.25M) or glucose (2ml, 1.5M). Other details are given in the text. Results are means±S.E.M.; mean rates of glycogen accumulation were calculated from rates in individual perfusions (see Hems et al., 1972 In an attempt to increase glycogen synthesis rates during perfusion of livers from diabetic rats, the standard medium, containing carbohydrate substrates, was supplemented with further substrates and hormones. Two groups of perfusions were carried out. In one group, events during pretreatment with glucose plus fructose were simulated in the initial phase (about 1 h) of perfusion: the medium contained fructose (initially 5mM, not subsequently infused), glucose (20mM) and insulin, cortisol and amino acids [all infused essentially as described by John & Miller (1969) ; see the Materials and Methods section]. After 50min, more glucose was added to bring the concentration to about 30mm (optimum for glycogen synthesis (Hems et al., 1972) ], and C3 substrates were added, as in standard perfusions. Net glycogen accumulation, determined between 70 and 100min ( Fig. 1) was no faster than in perfused livers of other non-pretreated diabetic rats. Thus fructose, glucose and insulin were not effective in restoring glycogen synthesis if added to the perfusate (in the absence of pretreatment in vivo).
In a second group of perfusions of diabetic rat livers, the medium was supplemented with insulin, cortisol and amino acids (as above, but without fructose) in addition to the standard conditions of glucose (30mM) plus C3 substrates. Liver samples were removed after 20 and 50min. Again, there was no improvement in the low rate ofglycogen accumulation (Fig. 1) . In control experiments, livers from normal (starved) rats were perfused with this supplemented medium; net glycogen synthesis (Fig. 1) occurred at a rate similar to that in perfusions with glucose plus C3 substrates (Fig. 1) or fructose (Table  2) . Thus supplementation did not inhibit synthesis in normal (starved) livers.
Control ofglycogen synthesis in the perfused liver of normal rats To gain insight into the impairment ofnet glycogen accumulation in the perfused liver of diabetic rats the activities of the enzymes glycogen synthetase and phosphorylase were measured (see the next two sections). enzymes was characterized in the perfused liver of normal (starved) rats, in which maximum glycogen synthesis occurs during perfusion with glucose plus gluconeogenic substrates (Hems et al., 1972) . In these conditions, the hepatic concentrations of UDPglucose and glucose 6-phosphate were measured (Table 2) ; the latter value was of the same order as that reported for perfused livers of starved rats (Ross et al., 1967) . During maximum glycogen synthesis, the concentration of UDP-glucose was decreased, compared with that (in the presence of substrates) where glycogen accumulation was slower ( (Table 2 ). These effects of substrates and glucose on glycogen synthetase and phosphorylase during perfusion of normal (starved) rat livers generally agree with the reported effects of glucose (Glinsmann et al., 1970; Buschiazzo et al., 1970; and fructose (Walli et al., 1974) .
Glycogen synthetase and phosphorylase activities in vivo
The activities of glycogen synthetase and phosphorylase in intact normal and streptozotocindiabetic rats were compared (Table 3 ). In starved diabetic rats, compared with normal starved rats, there was a moderate decrease in the proportion of synthetase 'a' and an associated slight increase in phosphorylase (expressed per g). These enzymes were assayed simultaneously in different lobes in the liver, as a prerequisite to the interpretation of their activities in lobes removed in sequence during perfusion (see the next section). There were no major differences between lobes in the activities ofsynthetase and phosphorylase (Table 3) .
Glycogen synthetase and phosphorylase in perfused livers ofdiabetic rats After 50min perfusion with glucose plus either fructose or a mixture of gluconeogenic C3 substrates (unsupplemented medium) the proportion of glycogen synthetase in the 'a' form (method 1) was 51- (Table 4 ; see also Table 1 and Fig. 1 ). The activities of glycogen phosphorylase in liver samples removed during perfusion were lower than those in intact diabetic rats. The activities in different conditions, at either 20 or 50min, did not conform to any pattern (results not shown).
Changes in glycogen synthetase and phosphorylase during perfusion were assessed from the activities in sequential liver samples. This was valid because ofthe lack of any difference in activities in lobes sampled simultaneously (Table 3 ). In the livers of diabetic rats in which pretreatment had restored net glycogen accumulation, there was an increase in the proportion of glycogen synthetase 'a' (Table 4) which presumably reflected the activating effect of substrates on synthetase, as observed in perfused livers of normal (starved) rats (Table 2 ). This response was much less marked in perfusions of diabetic rat livers when glycogen synthesis was low (Table 4 ). In perfusions with fructose there was no such relationship; thus in the absence of pretreatment, in perfusions with or without supplemented medium, glycogen synthesis was not rapid, despite the extensive conversion of synthetase into the 'a' form during perfusion (Table  4) , which resembled that in normal rats (Table 2) . Conversely, when pretreatment was followed by rapid net glycogen synthesis in the perfused liver, synthetase 'a' did not increase during perfusion, being already high initially (65 %; Table 4 ).
In the experiments described above, the alteration in the percentage of synthetase 'a' during perfusion was manifested as a fall in the total synthetase (Table  4) rather than in the absolute value of synthetase 'a'. This may have reflected alteration in the distribution of synthetase in centrifuged homogenates, or could have been a subtle consequence of the action of modifiers in the homogenates, if UDP-glucose was not at saturating concentrations (see discussions by Bishop & Lamer, 1967; Blatt & Kim, 1971b) . To distinguish between these possibilities, key groups of perfusions were repeated, and details ofthe synthetase assay were altered (method 2). The results are shown in Table 5 . In uncentrifuged homogenates, the decline in total synthetase during perfusion was no longer present. Also the activities obtained with method 2 were greater. These disparities could be due to particlebound activity (lost during method 1) and the use of a shorter assay time and higher UDP-glucose concentration in method 2. The main findings from the experiments using method 1 were confirmed, i.e. that the proportion of synthetase 'a' (also the absolute value) increased during perfusions of livers of diabetic pretreated rats, but not in livers of untreated rats, whether or not insulin was present in the perfusion medium ( Table 5 . Glycogen synthetase activity in the perfused liver ofstarved streptozotocin-diabetic rats Livers were perfused as described in Tables 1 and 4 , with glucose, lactate, glycerol and pyruvate, and glycogen synthetase was assayed (Method 2). In one group (*) insulin was infused into the perfusion medium: 1.5ml/h of a solution containing 330munits/ml, after an initial dose of 500munits. Other details are in the text or Glycogen accumulation in intact normal and diabetic rats For comparison with results in the perfused liver, glycogen accumulation was followed in anaesthetized intact streptozotocin-diabetic rats. There was an impairment in the capacity for net glycogen synthesis during infusion of either glucose or glucose plus a mixture of glycerol, serine and pyruvate (Table  6 ). As in the experiments with the perfused liver, fructose was required to bring about rapid glycogen deposition in diabetic rats (Table 6 ).
Influence of glucose and fructose on the activity of glycogen synthetase andphosphorylase in vivo
The effects of fructose and glucose in vivo on glycogen synthetase were measured (Table 7) . In normal rats, glucose and fructose each induced conversion of synthetase into the 'a' form. Glucose and fructose in combination brought about the greatest 'activation' of the enzyme (Table 7) , in agreement with observations in the perfused liver (Table 2 ). In diabetic rats these effects were less marked (Table 7) , in general agreement with Kreutner & Goldberg (1967) and , and again confirming results in the perfused liver (Table 4) . Administration of the hexoses, either alone or in combination, also produced a decline in phosphorylase activity in normal rats (to about 40 % of the values in Table 3 ); the effect of fructose in combination with glucose was not greater than that of either hexose singly, and the response in diabetic rats was not impaired (results not shown in detail).
Discussion

Impairment of hepatic glycogen accumulation in diabetes
For a variety of reasons (see the introduction section) it has not been clear whether there is a significant and inherent alteration in maximum rates of net hepatic glycogen accumulation in diabetes. The streptozotocin-diabetic animal provides a suitable model for the clarification of this problem (Junod et al., 1969) . The changes in glycogen metabolism described in the present paper reflect the consequences of insulin-deficiency diabetes, rather than hepatic toxicity of streptozotocin, because they were reversible by insulin and hexoses in vivo.
The results show that there is a marked inherent impairment in the maximum rate of net glycogen accumulation in the liver in starved diabetic animals. In all groups of perfusions of the livers of diabetic rats (in the absence of pretreatment in vivo), rates of net glycogen synthesis were low compared with those in normal (starved) rats. This result confirms, by the measurement of net glycogen deposition in optimum conditions, the inherent impairment of hepatic glycogen synthesis in diabetes which had been inferred from measurements of incorporation of 14C from 14C-labelled precursors into glycogen in the perfused liver (Exton et al., 1972 (Exton et al., , 1973a or in liver slices (for reviews see Levine & Fritz, 1956; Renold et al., 1956; Steiner, 1966) . In general, measurements of net glycogen synthesis in intact diabetic rats (Friedmann et al., 1963 (Friedmann et al., , 1967 Hornbrook, 1970; Longley et al., 1957) Steiner, 1966; Renold et al., 1956 ). The general implication of these observations is that in diabetes, the hexose phosphate products of gluconeogenesis (produced at an increased rate) are directed towards free glucose formation, rather than glycogen (although the proportional contribution of gluconeogenesis to glycogen formation is increased (Stetten & Seglen, 1974) .
Measurements of net hepatic glycogen deposition in the liver ofintact diabetic animals show that, as well as there being a defect in the rate ofglycogen accumulation, there is a limitation in the amount ofglycogen that can be stored (Hornbrook, 1970; Friedmann et al., 1967) The results shed light on the origin of the inherent alteration in hepatic glycogen synthesis rates in diabetes. Since insulin produced no restoration of synthesis in perfusions lasting up to 100min, but induced restoration within about 75min, if administered in vivo, it follows that a decline in short-term direct actions of insulin on the liver cannot be a major contributory factor (Levine & Fritz, 1956 ). This conclusion agrees with the lack ofaction of insulin on net maximum glycogen synthesis in the perfused liver ofnornal (starved) rats (Hems et al., 1972) and is not vitiated by the observation that insulin can suppress the breakdown of glycogen in the perfused liver (see or in hepatocytes (Akpan et al., 1974) . Similarly, in studies with l4C-abe.1ld precursors, impairments in glycogen synthesis were not corrected by insulin in the perfused liver (Exton et al., 1973a; Haft, 1968) or liver slices (Renold et al., 1955) .
Among possible factors (operating in vivo) by which insulin may affect the liver indirectly, the present experiments exclude any simple role for adrenal corticosteroids (since cortisol did not restore synthesis of glycogen), or for a fall in the blood concentration of glucagon or free fatty acids, since prolonged perfusion in the absence ofthese agents did not result in increased net glycogen accumulation. The lack of a direct short-term action of insulin (added alone to perfusions of liver from diabetic or starved rats) on net glycogen accum.ulation, may be equated with its similar lack of action (when the sole hormone added) on glycogen breakdown during perfusion with undiluted blood (Mondon & Burton, 1971) . However, if glucagon is also present in perfusion fluid, insulin can inhibit glucagon-induced glycogen breakdown (for reviews see Exton et al., 1970; ; it is probable that in conditions conducive to net glycogen accumulation (as in the, present work), and at suitable hormone concentrations, insulin would counteract the inhibition of synthesis, which can be induced by glucagon (P. D. Whitton, unpublished experiments), and would 'stimulate' (i.e. de-inhibit) accumulation of glycogen.
The present experiments also show that the process of hepatic glycogen synthesis is not sensitive to a decline in direct long-term insulin action. This follows because the alterations in diabetic animals were reversible within 75min by procedures in vivo (tantamount to re-feeding), through mechanisms that did not include direct hepatic insulin action.
The restorative effect of hexoses on net glycogen synthesis (during eventual perfusion) appears to include a specific action offructose. Thus the action of fructose plus glucose could not be reproduced by an equivalent quantity of glucose (3mmol) and antiinsulin serum did not completely prevent their action. Also, in the intact diabetic rat glucose alone or plus a mixtureofC3 substrates, did not restore net glycogen synthesis as effectively as did glucose plus fructose. This effect of fructose is reminiscent of its action in diabetic rats in restoring rates of fatty acid synthesis (Baker et al., 1952) . The mechanism of its action (yet to be fully explained) is likely to include production of glucose (and related metabolites) within the liver, since the liver is a main site of fructose utilization, and in diabetes this process is not impaired in the same way as that of glucose assimilation (Chernick & Chaikoff, 1951 ; Miller etat., 1952) . Additional factors may be implicated in the restorative effect of fructose and glucose in vivo. One such factor is likely to be insulin, which was effective over the same period (50min in vivo) in restoring near-maximum net glycogen synthesis (in eventual perfusion). Thus the restorative action of the hexoses was partially prevented by anti-insulin serum. Insulin secretion, although impaired, can be stimulated by adminstration of glucose to streptozotocin-diabetic rats (Junod et al., 1969) , and fructose may potentiate this action (Curry et al., 1972) .
Properties ofglycogen synthetase in the perfused liver There could be various origins for the impairment in the capacity for net glycogen synthesis in the liver of diabetic rats. The present experiments suggest that the explanation may reside at least partly in an inadequate responsiveness of the hepatic glycogen synthetase system to substrates. Thus during perfusion oflivers from diabetic rats, in the absence of pretreatment, there was an impairment in the increase in glycogen synthetase 'a' [an active form of the enzyme (Hers et al., 1970) ] which was observed in response to glucose plus C3 substrates in normal rat livers. Similarly, ifglucose alone is added to the medium perfusing the liver of diabetic rats (i.e. in conditions that are not conducive to maximum glycogen synthesis), impairment in the response of synthetase to glucose 1975
